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SKIP FIRE TRANSITION CONTROL

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a Divisional of U.S. application Ser.
No. 14/857,371, filed on Sep. 17, 2015. U.S. application Ser.
No. 14/857,371 1s a Continuation-in-Part of U.S. patent
application Ser. No. 13/654,248 filed Oct. 17, 2012 (now
U.S. Pat. No. 9,528,446), which claims priority of Provi-
sional Application Nos. 61/548,187 filed Oct. 17, 2011 and
61/640,646 filed Apr. 30, 2012. U.S. application Ser. No.
14/857,3771 also claims priority of U.S. Provisional Appli-
cation No. 62/053,331 filed Sep. 22, 2014. In addition, U.S.
application Ser. No. 14/857,371 1s also a Continuation of
International Application No. PCT/US15/50181, filed on
Sep. 15, 2015. All of these referenced priority applications
are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to methods and
arrangements for controlling transitions between firing frac-
tions during skip fire operation of an engine.

BACKGROUND

Fuel efliciency of many types of internal combustion
engines can be substantially improved by varying the dis-
placement of the engine. This allows for the full torque to be
available when required, yet can significantly reduce pump-
ing losses and improve thermodynamic etliciency through
the use of a smaller displacement when full torque 1s not
required. The most common method of varying the displace-
ment today 1s deactivating a group of cylinders substantially
simultaneously. In this approach no tuel 1s delivered to the
deactivated cylinders and their associated intake and exhaust
valves are kept closed as long as the cylinders remain
deactivated. For example, an 8 cylinder variable displace-
ment engine may deactivate half of the cylinders (i1.e. 4
cylinders) so that 1t 1s operating using only the remaining 4
cylinders. Commercially available varniable displacement
engines available today typically support only two or at most
three fixed mode displacements.

Another engine control approach that varies the effective
displacement of an engine 1s referred to as “skip fire” engine
control. In general, skip fire engine control contemplates
selectively skipping the finng of certain cylinders during
selected firnng opportunities. Thus, a particular cylinder may
be fired during one engine cycle and then may be skipped
during the next engine cycle and then selectively skipped or
fired during the next. In this manner, even finer control of the
cllective engine displacement 1s possible. For example,
firing every third cylinder in a 4 cylinder engine would
provide an effective displacement of 4™ of the full engine
displacement, which 1s a fractional displacement that 1s not
obtainable by simply deactivating a set of cylinders. Con-
ceptually, wvirtually any eflective displacement can be
obtained using skip fire control, although in practice most
implementations restrict operation to a set of available firing
fractions, sequences or patterns. The applicant has filed a
number of patents describing various approaches to skip fire
control.

A known characteristic of skip fire control 1s that engines
operating under skip fire control tend to have less desirable
noise, vibration and harshness (NVH) characteristics than
“normal”, all-cylinder operation of an engine. Thus, there
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2

are continuing eflorts to develop techniques and mecha-
nisms that can help reduce NVH concerns during skip
operation while still maintaining some of 1ts benefits. Typi-
cally, the available skip fire firing fractions/sequences/pat-
terns are chosen at least 1n part based on their preterred NVH
characteristics. While this reduces NVH while operating at
these available firing fractions, NVH 1ssues can arise during
transitions between different firing fractions. The present
application describes techmiques that can help manage NVH
concerns while delivering the desired performance during
transitions between different firing fractions.

SUMMARY

A variety of methods and arrangements are described for
controlling transitions between firing fractions during skip
fire operation of an engine 1n order to help reduce undesir-
able NVH consequences and otherwise smooth the transi-
tions. In general, firing fractions transitions are implemented
gradually, preferably 1n a manner that relatively closely
tracks manifold filling dynamics.

In some preferred implementations the commanded firing,
fraction 1s altered each firing opportunity. Another described
approach contemplates altering the commanded firing frac-
tion by substantially the same amount each firing opportu-
nity for at least a portion of the transition. These approaches
work particularly well when the commanded firing fraction
1s provided to a skip fire firing timing determining module
that includes an accumulator functionality that tracks a
portion of a firing that has been requested, but not delivered,
or that has been delivered, but not requested.

In various embodiments, commanded firing fraction
changes are delayed relative to initiation of the change 1n
throttle position to help compensate for inherent delays
associated with changing the manifold air pressure.

In some 1mplementations, the commanded firing fraction
1s altered 1n a manner such that a product of the skipping
fraction and the intake manifold pressure remains substan-
tially constant throughout the transition.

In some implementations, the commanded firing fraction
1s changed each firing opportunity using a linear slew rate
such that the amount that the commanded firing fraction 1s
changed each firing opportunity is the same throughout the
transition. The actual slew rate that 1s appropnate for any
particular transition may vary based on factors such as the
magnitude of the desired firing fraction change and various
engine operating parameters such as engine speed, etc.

A variety of other engine control techniques including
spark retard, feed forward throttle control, feed forward
camshalt control, pumping air through skipped cylinders
and others may be used to help further smooth the transition.

Techniques are also described for handling situations 1n
which the target firing fraction changes in the middle of a
transition.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention and the advantages thereof, may best be
understood by reference to the following description taken
in conjunction with the accompanying drawings in which:

FIG. 1 1s a functional block diagram of a skip fire
controller in accordance with one embodiment of the present
invention.

FIG. 2 schematically illustrates the impact of pattern
vibration and torque mismatch vibration during a transition.

FIGS. 3(a)-3(d) are a set of graphs showing the requested
and adjusted firing fractions, throttle position, intake mani-
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fold pressure and overall engine torque during a represen-
tative intended constant torque transition between a firing

fraction of 14" and a firing fraction of 247 utilizing a first
order band pass filter to smooth the transition.

FIGS. 4(a)-4(d) are a set of graphs showing two types of 5

adjusted firing fractions, throttle position, intake manifold
pressure and overall engine torque 1n a representative
intended constant torque transition between a firing fraction
of 14 and a firing fraction of 24" utilizing a delayed linear
slew 1n accordance with one embodiment of the invention.

FIG. 5 1s a graph showing the firing fraction (Y-axis) as
a function of time (X-axis) during a representative inter-
rupted transition where a second firing fraction transition 1s
requested while a first transition 1s in progress.

FIGS. 6(a)-6(d) are a set of graphs showing the adjusted
firing fraction, intake manifold pressure, spark timing, and
overall engine torque 1n a representative mtended constant
torque transition between a firing fraction of 4™ and a firing
fraction of 24" utilizing a delayed linear slew in accordance
with one embodiment of the invention.

FIG. 7 1s a graph showing the adjusted skipping fraction
and intake manifold pressure 1n a representative intended
constant torque transition between a firing fraction of 14
and a firing fraction of 24’7 utilizing a delayed linear slew
and pumping air through deactivated cylinders in accor-
dance with one embodiment of the invention.

FIG. 8 1s an exemplary look up table of firing fraction
slew rates for different initial and target firing fractions 1n
accordance with one embodiment of the invention.

In the drawings, like reference numerals are sometimes
used to designate like structural elements. It should also be
appreciated that the depictions 1n the figures are diagram-
matic and not to scale.

DETAILED DESCRIPTION

When a limited set of firing fractions are available,
transitions between different firing fractions typically also
involve the adjustment of selected engine operating param-
cters. This 1s because at any particular firing density, there
will be associated operating parameters (e.g., air charge,
spark timing, etc.) that are appropnate to efliciently deliver
the desired engine output. Therefore, when a change 1s made
in the firing density, 1t 1s typically desirable to substantially
simultaneously adjust selected engine operating parameters
so that the desired engine output 1s maintained at the new
firing fraction. Without such an adjustment, operating at the
same engine settings would typically result in the generation
of more torque than desired when the finng density is
increased, and less torque than desired when the firing
density 1s reduced.

From a control standpoint, the firing density can be
changed very quickly by simply altering the selection of the
specific cylinders to be fired—however corresponding
changes in the air charge tend to be realized more slowly due
to the latencies mherent 1n filling or emptying the intake
manifold. This 1s particularly noticeable when the desired
firing fraction changes significantly, as for example from 14
to 1 or from 13 to 343, which require correspondingly large
changes in air charge/manifold pressure. Generally, any
mismatch between the firing density and the targeted cylin-
der air charge during a transition, will result in a low
frequency torque disturbance (unless otherwise compen-
sated for), which may be perceived as NVH. If the mismatch
would result 1 a torque surge, then the spark timing can be
retarded to maintain the desired torque. However, an unde-
sirable side effect of retarding spark to reduce engine output
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1s that retarding spark will generally reduce tuel efliciency.
Also, excessive spark retard will lead to misfires further
reducing efliciency and potentially adversely aflecting the
engine.

The torque mismatch problem can also be mitigated
somewhat by slowing the transition between firing fractions.
Slowing the transition allows changes 1n the firing density to
more closely track changes 1n the intake manifold pressure.
However, even 1f the air/torque 1s precisely matched with
changes in the firing fraction, any change from one firing
density to another will cause a low Irequency vibration,
since the intermediate firing fractions have undesirable firing
patterns. Slowing the transition tends to exacerbate these
types of disturbances. The perceived total NVH may be
thought of as the summation of these two ellects. Compo-
nents from the transition firing patterns, NVH . . and
from the transition torque mismatch, NVH

mismatchs “All be
thought to add to form a total

NVH, . . ie.
NVH,,,,~NVH . +NVH, . . FIG. 2, which plots

NVH as a function of the transition time, schematically
illustrates the situation. For short transition times, the

NVH, ;e curve 170 1s low and the NVH, ;. ..., curve 172
1s high. For long transition times, the situation 1s reversed.
The NVH, . . curve 174 shows a minimum value, often 1n
the vicinity of 200 milliseconds as shown 1n FIG. 2. Thus 1t
1s oiten desirable to have a transition length in the vicinity
of 200 msec, for example from about 150 msec to about 300
msec. It should be appreciated that some transitions may be
longer or shorter and that 1n some cases the total NVH may
not strictly be the sum of pattern and mismatch NVH, but
such a conceptualization 1s generally qualitatively accurate.

The applicant has previously described a vanety of skip
fire controllers. A skip fire controller 10 suitable for imple-
menting the present invention i1s functionally 1llustrated in
FIG. 1. The illustrated skip fire controller 10 includes a
torque calculator 20, a firing fraction determining unit 30, a
transition adjustment unit 40, a firing timing determination
unit 50, and a power train parameter adjusting module 60.
For the purposes of illustration, skip fire controller 10 1s
shown separately from engine control unit (ECU) 70. How-
ever, 1t should be appreciated that in many embodiments the
functionality of the skip fire controller 10 may be 1ncorpo-
rated 1nto the ECU 70. Indeed incorporation of the skip fire
controller mto an ECU or power train control unit is
expected to be the most common implementation.

The torque calculator 20 1s arranged to determine the
desired engine torque at any given time based on a number
of mnputs. The torque calculator outputs a requested torque
21 to the finng fraction determining unit 30. The firing
fraction determiming unit 30 1s arranged to determine a firing
fraction that i1s suitable for delivering the desired torque
based on the current operating conditions and outputs a
firtlng fraction 33 that 1s appropriate for delivering the
desired torque. The firing timing determining unit 50 1s
responsible for determining a firing sequence that delivers
the desired firing fraction. The finng sequence can be
determined using any suitable approach. In some preferred
implementations, the firing decisions are made dynamically
on an individual firing opportunity by firing opportunity
basis which allows desired changes to be implemented very
quickly. A vaniety of firing timing determining units that are
well suited for determining appropriate firing sequence
based on potentially time varying requested firing fraction or
engine outputs have been previously described by the Appli-
cant. Many such firing timing determining units are based on
a sigma delta converter which 1s well suited for making

firing decisions on a firing opportunity by firing opportunity
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basis. In some cases the initial accumulator value 1n the
sigma delta converter may be set at the beginning of a
transition 1n order to generate a firing pattern with low NVH
during the transition. In other implementations, pattern
generators or predefined patterns may be used to facilitate
delivery of the desired firing fraction.

The torque calculator 20 receives a number of mputs that
may influence or dictate the desired engine torque at any
time. In automotive applications, one of the primary mputs
to the torque calculator 1s the accelerator pedal position
(APP) signal 24 which indicates the position of the accel-
crator pedal. In some implementations the accelerator pedal
position signal 1s recerved directly from an accelerator pedal
position sensor (not shown) while 1n others an optional
preprocessor 22 may modily the accelerator pedal signal
prior to delivery to the skip fire controller 10. Other primary
mputs may come from other functional blocks such as a
cruise controller (CCS command 26), the transmission con-
troller (AT command 27), a traction control unit (TCU
command 28), etc. There are also a number of factors such
as engine speed that may influence the torque calculation.
When such factors are utilized 1n the torque calculations, the
appropriate inputs, such as engine speed (RPM signal 29)
are also provided or are obtainable by the torque calculator
as necessary.

Further, 1n some embodiments, it may be desirable to
account for energy/torque losses in the drive train and/or the
energy/torque required to drive engine accessories, such as
the air conditioner, alternators/generator, power steering
pump, water pumps, vacuum pumps and/or any combination
of these and other components. In such embodiments, the
torque calculator may be arranged to either calculate such
values or to receive an indication of the associated losses so
that they can be appropriately considered during the desired
torque calculation.

The nature of the torque calculation will vary with the
operational state of the vehicle. For example, during normal
operation, the desired torque may be based primarily on the
driver’s mput, which may be reflected by the accelerator
pedal position signal 24. When operating under cruise
control, the desired torque may be based primarily on the
input from a cruise controller. When a transmission shift 1s
imminent, a transmission shifting torque calculation may be
used to determine the desired torque during the shifting
operation. When a traction controller or the like indicates a
potential loss of traction event, a traction control algorithm
may be used to determine the desired torque as appropnate
to handle the event. In some circumstances, depression of a
brake pedal may invoke specific engine torque control.
When other events occur that require measured control of
the engine output, appropriate control algorithms or logic
may be used to determine the desired torque throughout such
events. In any of these situations, the required torque deter-
minations may be made in any manner deemed appropriate
for the particular situation. For example, the appropriate
torque determinations may be made algorithmically, using
lookup tables based on current operating parameters, using
appropriate logic, using set values, using stored profiles,
using any combinations of the foregoing and/or using any
other suitable approach. The torque calculations for specific
applications may be made by the torque calculator 1tself, or
may be made by other components (within or outside the
ECU) and simply reported to the torque calculator for
implementation.

The firing fraction determining unmit 30 receives requested
torque signal 21 from the torque calculator 20 and other
inputs such as engine speed and various power train oper-
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ating parameters and/or environmental conditions that are
usetul 1n determining an appropriate operational firing frac-
tion 33 to deliver the requested torque under the current
conditions. The firing fraction 1s indicative of the fraction or
percentage of firings that are to be used to deliver the desired
output. Often, the firing fraction determining unit will be
constrained to a lmmited set of available firng fractions,
patterns or sequences that have been selected based at least
in part on their relatively more desirable NVH characteris-
tics (collectively sometimes referred to herein generically as
the set of available firing fractions). There are a number of
factors that may influence the set of available firing frac-
tions. These typically include the requested torque, cylinder
load, engine speed (e.g. RPM) and current transmission gear.
They may potentially also include various environmental
conditions such as ambient pressure or temperature and/or
other selected power train parameters. The firing fraction
determining unit 30 1s arranged to select the desired opera-
tional firing fraction 33 based on such factors and/or any
other factors that the skip fire controller designer may
consider important. By way of example, a few suitable firing
fraction determining units are described 1n co-pending appli-

cation Ser. Nos. 13/654,244: 13/654,248, 13/963,686 and

14/638,908, each of which are incorporated herein by ret-
erence.

The number of available firing fractions/patterns and the
operating conditions during which they may be used may be
widely varied based on various design goals and NVH
considerations. In one particular example, the firing fraction
determining unit may be arranged to limit available firing
fractions to a set of 29 possible operational firng fractions—
cach of which 1s a fraction having a denominator of 9 or
less—i.e., 0, 16, W&, 14, Ve, Y5, 20, Ya, 247, 14, 38, %5, 37, 46, V2,
0, Y7, 35, 3R, 3, 37, Ya, 6, Vs, Ve, &7, /8, % and 1. However,
at certain (indeed most) operation conditions, the set of
available firing fraction may be reduced and sometimes the
available set 1s greatly reduced. In general, the set of
available firing fractions tends to be smaller 1n lower gears
and at lower engine speeds. For example, there may be
operating ranges (e.g. near i1dle and/or 1n first gear) where the
set of available firing fractions 1s limited to just two avail-
able fractions—(e.g., 2 or 1) or to just 4 possible firing
fractions—e.g., 13, V5, 24 and 1. Of course, 1n other embodi-
ments, the permissible firing fractions/patterns for diflerent
operating conditions may be widely varied.

Since the available set of firing fractions 1s limited,
various power train operating parameters such as mass air
charge (MAC) and/or spark timing will typically need to be
varied to insure that the actual engine output matches the
desired output. In the 1llustrated embodiment, a power train
parameter adjusting module 60 1s provided that cooperates
with the fining fraction calculator 30. The power train
parameter adjusting module 60 directs the ECU 70 to set
selected power train parameters appropriately to insure that
the actual engine output substantially equals the requested
engine output at the commanded firing fraction. By way of
example, the power train parameter adjusting module 60
may be responsible for determining the desired MAC, spark
timing and/or other engine settings that are desirable to help
ensure that the actual engine output matches the requested
engine output. Although the powertrain parameter adjusting
module 60 1s illustrated as a separate component, 1t 1s often
implemented as a part of engine control unit 70. Of course,
in other embodiments, the power train parameter adjusting
module 60 may be arranged to directly control various
engine settings.
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The firing timing determining module 30 1s arranged to
1ssue a sequence ol firing commands 52 that cause the
engine to deliver the percentage of firings dictated by a
commanded firing fraction 48. The firing timing determining
module 50 may take a wide variety of different forms. By
way of example, sigma delta convertors work well as the
firtlng timing determimng module 50. A number of the
assignee’s patents and patent applications describe various
suitable firing timing determining modules, including a wide
variety of diflerent sigma delta based converters that work
well as the finng timing determining module. See, e.g., U.S.

Pat. Nos. 7,577,511, 7,849,835, 7,886,715, 7,954,474,
8,099,224, 8,131,445, 8,131,447, 8,839,766 and pending
application Ser. No. 13/774,134 filed Feb. 22, 2013. The
sequence of firing commands (sometimes referred to as a
drive pulse signal 52) outputted by the firing timing deter-
mimng module 50 may be passed to an engine control unit
(ECU) 70 or another module such as a combustion controller
(not shown in FIG. 1) which orchestrates the actual firings.
A significant advantage of using a sigma delta converter or
an analogous structure is that i1t inherently includes an
accumulator function that tracks the portion of firing that
have been requested but not yet delivered. Such an arrange-
ment helps smooth transitions by accounting for the eflects
of previous fire/no fire decisions.

As suggested above, abrupt transitions between {iring
fractions can lead to undesirable vibrations and/or torque
surges or dips, 1.e. undesirable NVH,__ . as discussed relative
to FIG. 2. The torque surge/dip arises since often the change
in torque request, at least during the transition, 1s smaller
than the change in the firing fraction. The firing fraction
change would thus cause the engine to overshoot/undershoot
the requested torque level. Therefore, 1n the embodiment
illustrated 1n FIG. 1, transition adjustment unit 40 1is
arranged to help mitigate vibrations and torque surges/dips
associated with step changes 1n the requested firing fraction
33. When a step change 1n requested firing fraction occurs,
the transition adjustment unit 40 has the effect of spreading,
the change in firing fraction over a short period. This
“spreading” (which may include a brief delay) can help
smooth transitions between diflerent commanded firing frac-
tions and can help compensate for various delays associated
with manifold filling. These may include mechanical delays
in the changing of the engine parameters and/or nertial type
manifold filling/emptying delays. When the requested firing,
fraction 1s at steady state, the commanded firing fraction 48
1s the same as the requested firing fraction 33. However,
when a transition occurs, the commanded firing fraction 48
1s ellectively ramped from the previous requested firing
fraction to the target firing fraction.

If the nature of the transition 1s such that the transition
adjustment unit 1mposed delays are acceptable, smoother
operation can be obtained by using such an arrangement.
However, 11 the nature of the transition 1s such that a quicker
response 1s desired (as for example, when the driver stomps
on the accelerator pedal or during traction control events), 1t
may be desirable to bypass or modily the settings of the
transition adjustment umt 40 to provide a quicker response.
Theretfore, some implementations incorporate separate “fast
path” and “slow path” approaches for managing firing
fraction change requests. In such applications, the transition
adjustment unit can be bypassed for “fast path” responses
and used 1n “slow path” changes. More generally, the
transition adjustment unit 40 characteristics may vary
depending on mputs govermng the desired transition, 1.e. the
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desired firing fraction slew rate may vary with the rate of
change and/or magnitude of change of the accelerator pedal
position.

To account for some of the intake manifold filling dynam-
ics described above, the applicant has previously proposed
using a filter at the location of transition adjustment unit 40
that roughly mimics the air filling dynamics to smooth
transitions between firing fractions. By way of example,
such an approach 1s described 1n U.S. patent application Ser.
Nos. 13/654,244 and 13/654,248 which are incorporated
herein by reference. In general, the requested firing fraction
1s passed through one or two filters before reaching the firing
timing determining unit so that step changes in the requested
firing fraction are more gradually presented to the firing
timing determining module. Another transition management
approach 1s described in co-pending application Ser. No.
14/203,444.

The filtering approach described in the incorporated pat-
ents works well to help mitigate vibrations. The Applicant
has found that even better results can sometimes be obtained
utilizing some of the slew rate based techniques described
below.

In one aspect a designated firing fraction slew rate 1s used
to help smooth the transition between firing fractions. In
some 1mplementations a brief delay 1s also included before
initiating the slewed transition. The appropriate slew rate for
any transition can depend on a number of operating param-
cters including current engine speed, 1ntake/exhaust valve
timing, torque demand, starting firing fraction and target
firing fraction, the mass air charge, etc. The slew rate may
also depend on vehicle parameters, such as mamiold size,
acoustic and vibration transier paths between NVH sources
and the cabin occupants, and vehicle style, 1.e. sedan, sports
car, luxury car, etc. By way of example, linear slew rates on
the order of 1-5 percent of the firing fraction per firing
opportunity work well 1n many applications. A linear slew
rate of 2% will make a transition from a firing fraction of O
to 1 over the course of 50 firing opportunities from the time
that the transition begins, which would be just over 6 engine
cycles 1 an eight cylinder engine. A slew rate of 1% will
take twice as long to transition, while a slew rate of 4%
would result 1n transitions that take half as long. By way of
example, 11 a transition 1s being made from a firing fraction
of %2 to a firing fraction of 1, at a slew rate of 2% would
suggest that the commanded firing fraction for the first firing
opportunity after any imposed delay would be 52%, the
commanded firing fraction for the second firing opportunity
would be 54% and so on until the desired firing fraction of
1 1s obtained. Of course, the slew rate in other instances
would vary with the mnitial and target firing fractions.

An approprate slew rate can be determined by looking at
the manifold pressure response to throttle movement during,
a transition. By measuring intake manifold absolute pressure
(MAP) as a function of time a determination of how fast the
engine can pump down the manifold pressure can be made.
Engines with a small intake manifold or ones that operate at
a high engine speed, may use a higher slew rate than engines
with a large intake manifold or when operating at low RPM.
Generally, an 1ntake manifold will fill faster than 1t will
empty. Increases in firing fraction typically require emptying
the intake manifold and decreases 1n firing fraction typically
require filling the intake manifold to avoid a torque bump or
dip. Therefore, it 1s olten desirable to utilize a slower slew
rate for increases in firing fraction (which typically corre-
spond to lower desired air charges/manifold pressures) than
for decreases 1n firing fraction (which typically correspond
to higher desired air charges/manifold pressures). As sug-
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gested above, a variety of other factors mcluding engine
speed, 1ntake/exhaust valve timing, current air charges, the
current and target firing fractions can also influence the
manifold filling/emptying dynamics so the transition adjust-
ment unit 40 may be arranged to set the appropriate slew rate
based 1n part on any of these—or other appropriate factors.

An appropriate slew rate may be determined using a
variety of techniques. In some cases a look-up table may be
used to determine the appropriate slew rate between nitial
and target firing fractions. FI1G. 8 1llustrates such a table 800,
where the slew rate 1s expressed 1n the percentage change in
firing fraction per firing opportunity. Of course, the slew rate
could be expressed 1n terms of other variables, such as time,
crank angle, etc. The entries 1n table 800 should be consid-
ered exemplary only and may in practice be diflerent from
those given 1n FIG. 8. Table 800 lists 29 possible first, 1nitial
firing fractions and 29 possible second, target firing frac-
tions. The central diagonal 880 shows no entries, since 1t
corresponds to the 1mitial and target firing fractions being
equal, 1.e. no transition. The entries above diagonal 880
correspond to increases in liring fraction and the entries
below the diagonal correspond to decreases in firing frac-
tion. As previously mentioned generally the intake manifold
f1lls more quickly than it empties, so the slew rates above the
diagonal are generally smaller than those below the diago-
nal. Another feature evident in the table 1s increasing slew
rates for transitions having large changes 1n firing fraction.
This helps to reduce the transition time minimizing NVH-
pasern A Turther feature 1s that some transitions have such a
small change in firing fraction that the slew rate can be set
to 100%, 1.e. a step function change in the firing fraction.
The firing fraction values derived from the slew rate 1n table
800 and initial firing fraction may be used as an input to a
delta sigma converter to determine a firing sequence. In
other embodiments an appropriate firing sequence can be
determined directly using a look up table of various firing
sequences that can be used to transition between different
firing fractions.

The actual slew rated used during any given transition
may be modified from those given 1n look up table 800 based
on engine operational conditions and driver mput. For
example, 11 a driver rapidly depresses or releases the accel-
crator pedal the transition actual slew rates may be increased
to make the vehicle more responsive. In some cases the table
may be not used and the firing fraction may immediately
change to 1ts target value. This will likely have significant
NVH consequences, but large, fast accelerator pedal posi-
tion changes may indicate a safety 1ssue, which takes
priority over NVH concerns. High engine speeds result in
more firing opportunities within a given time window. Thus
it 1s possible to have a transition time in the vicinity of 200
ms, while having a slower actual slew rate. Changes in
intake/exhaust valve timing may influence the amount of air
inducted during each firing event, thus impacting the rate of
intake manifold filling/emptying. As such, the actual slew
rate may be used to modity values from those shown 1n table
800 based on valve timing. Engine speed also influences the
amount of air inducted by a cylinder, so 1t may also impact
the actual slew rate. It should be appreciated that rather than
having a single two dimensional look up table similar to that
shown i FIG. 8 and modifying actual slew rate values,
higher dimensionality tables could be used which 1ncorpo-
rate additional variables as indices, 1.e. valve timing, engine
speed, efc.

As suggested above, a brief delay may also be imposed
before beginning the transition. The length of the delay can
vary based on the nature of the change and design choices
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for a particular engine which may ivolve a number of
tradeofls 1n terms of desired responsiveness, NVH consid-
crations and design simplicity. By way of example, delays
on the order of 1 to 10 firing opportunities have been found
to work well 1n various implementations. Depending on the
engine speed and number of engine cylinders this delay can
be several milliseconds to on the order of 100 milliseconds.
Alternatively, 1n some cases 1t may be desirable to delay
motion of the throttle and initiation of a change in the
mamifold absolute pressure until after a transition 1n the
firing fraction has begun. This type of delay may be par-
ticularly advantageous 1n transitions from higher to lower
firing fractions, where spark timing adjustment can be used
to decrease the per cylinder torque output. Also, 1n some
cylinder activation/deactivation methods there may be a
delay between making a decision to change the firing
fraction and the implementation of the decision. Thus, the
manifold pressure may already be changing by the time the
actual change in firing fraction begins. The appropriate value
for the delay may be found in a look up table similar to that
shown 1n FIG. 8, where the entries now correspond to the
delay associated with various transitions. The actual delay
values used may be modified from those listed 1n the table
in a manner similar to that described relative to FIG. 8.
Alternatively, the delay values may not be listed 1n a look up
table, but may be determined based on engine parameters
and operational conditions.

A very significant challenge in control occurs when 1t 1s
desired to change the firing fraction while holding the
produced engine torque constant. This may be considered a
limiting case of small changes 1n torque request causing a
change 1n the required firing fraction. FI1G. 3(a)-3(d) depicts,
in simplified form, engine operation in such an idealized
case. FIG. 3(a)-3(d) illustrate the requested and adjusted
firing fractions, throttle position, intake manifold absolute
pressure (MAP), and overall engine torque output during an
intended constant torque transition between a firing fraction
of 4™ and a firing fraction of 5™, In FIG. 3(a) the requested
firing fraction 210 1s shown as a step function between the
initial value of 14" and the final value of 24™. The step
occurs at a time t;, which can be set to zero and defines the
start of the transition. The adjusted firing fraction 212 1s
shown tracking the requested firing fraction until the time t,
and then following a trajectory described by a first order low
pass filter. At a time at the end of the transition, t,, the
requested and adjusted firing fractions are again equal.

It should be appreciated that the transition time, t., can
vary depending on a variety of conditions such as torque
request, engine speed, transmission gear, and cylinder load
in the 1nitial and final states. The transition time 1s generally
chosen to provide acceptable NVH performance as dis-
cussed 1n relation to FIG. 2.

FIG. 3(b) shows the response of the throttle blade position
220 versus time. The first mitial throttle position 220q
remains constant until the start of the transition at time t;. A
teed forward control algorithm may be used to control the
throttle blade position, since will reduce the overall transi-
tion time reducing NVH__,.,,,. Since in this transition the
target MAP 1s lower than the imtial MAP, the throttle wall
close during the transition to help reduce the MAP. The
throttle moves to a closed position over a time period, T, .
The duration of T,, 1s defined at least 1n part by the delay 1n
processing the requested firing fraction signal into a new
throttle position and the time necessary to physically move
the throttle blade. This time can be quite small, approxi-
mately 20 msec, on the order of 1 or several firing oppor-
tunities. The throttle blade stays 1n the closed position over




US 10,107,211 B2

11

a majority of the transition. It moves to its final target
position 2206 near the end of the transition. It stays in a
substantially constant position throughout the remainder of
the transition. In FIG. 35 the second target throttle position
1s more fully open than the first initial throttle position. This
may seem counter intuitive, since the second target MAP 1s
lower than the first imitial MAP:; however, since FIGS. 3a-d
depict an 1dealized constant torque transition the engine air
induction should be similar between the initial and target
operating conditions. Difference in the air induction level
will arise from differences in engine efliciency. At the second
target condition the pumping losses are greater, since MAP
1s lower, and thus the engine would need more air to produce
the same torque. Other factors that influence engine efli-
ciency include spark timing, intake/exhaust valve timing and
l1ft, and cylinder load. In general these variables may cause
more or less eflicient operation 1 the mitial or target
operating conditions, thus the target throttle position may be
more or less open than the initial throttle position.

It should be appreciated that the throttle trajectory
depicted in FIG. 3(b) 1s a representative 1dealized throttle
trajectory. In practice other types of throttle trajectories may
be used such as closed loop control of MAP, closed loop
MAP with additional feed forward throttle control. The
position of the throttle during the transition can vary and the
final throttle position may be higher, similar to or lower than
the 1mitial value.

FIG. 3(c) shows the MAP and skipping fraction as a
function of time. The skipping fraction 1s defined as one
minus the finng fraction. The requested skipping fraction
236 and the resultant requested MAP 230 and the adjusted
skipping fraction 238 and resultant adjusted MAP 231 are
both shown. The two mamfold pressures 230 and 231 and
skipping fractions 236 and 238 are substantially constant
until the beginning of the transition at time t,. The requested
MAP 230 begins to drop 1n response of the closing of the
throttle plate and the removal of air from the intake manifold
by mnduction 1nto the cylinders. As previously described the
MAP 230 response 1s relatively slow because of the filling/
emptying dynamics of the intake manifold. The requested
skipping fraction 236 mirrors the response of the firing
fraction 210 shown 1n FIG. 3(a) and has a step function drop
at the beginning of the transition. The adjusted skipping
fraction 238 has a more gradual transition. The more gradual
transition associated with the adjusted skipping fraction 238
results 1 a slower pump down of the intake manifold
resulting 1n the adjusted MAP 231 transitioning more slowly
than the requested MAP 230. I other engine parameters are
fixed, the product of the MAP and firing fraction 1s substan-
tially proportional to the engine torque output. For a constant
torque output this implies that the MAP and skipping
fraction should track each other, 1.e. their product should be
substantially constant through the transition. The extent of
MAP and skipping fraction divergence 1s indicative of the
torque mismatch. The areas 234 and 235 define the mis-
match associated with the adjusted firing fraction and are
proportional to the excess torque generated by the adjusted
firing fraction 212. Similarly the sum of area 232 and 234 1s
proportional to the excess torque generated by the requested
firing fraction 210.

The torque surge associated with this mismatch between
the finng fraction and MAP 1s more clearly shown 1n FIG.
3(d). The torque surge that would occur based on an 1mme-
diate transition of the firing fraction to the target firing
fraction 1s illustrated by curve 240. By contrast the torque
surge generated through the use of the adjusted firing
fraction 1s 1llustrated by curve 242. It can be seen that the

10

15

20

25

30

35

40

45

50

55

60

65

12

overall torque surge 1s significantly reduced through the use
of a filter to smooth the transition, although the duration of
the surge may be extended somewhat due to the fact that the
intake manifold pressure 1s not pumped down as quickly.
The net torque surge 1s the integral of the torque mismatch
over the duration of the mismatch. Although using a first
order filter to smooth the transition between firing fractions
can significantly reduce the torque surge/sag associated with
a transition, it can be difhicult to define a filter (or set of
filters) that work well over a wide variety of operating
conditions and over the enftire range of possible firing
fraction changes. One reason for this 1s that changes arising
from a linear filter are proportional to change in the fraction
while enduring for the same amount of time. So for example,
a change from 2 to 1 will be twice as large as a change from
4 to 34, but will occur 1n the same time period. Manifold
dynamics, especially emptying, tend to be different. Instead
of changing faster with larger changes, the rate of change 1s
similar, but the duration of the change i1s longer. Another
aspect of a linear filter 1s that the response to a step change,
like that seen when the firing fraction changes, has the
greatest change in output at the time of the step, and a
decreasing amount of change with each succeeding step. Not
only does this not match the physical behavior, 1t also
worsens the consequences of misalignment of the start of the
firing fraction transition with the physical behavior of the
manifold.

A linear slew rate transition management strategy may be
implemented 1n place of the prior art filter schemes to help
turther reduce the torque surge/dip and vibration in a number
of applications. Some of the potential advantages of this
approach will be schematically described with reference to
FIG. 4. More specifically, FIGS. 4(a)-4(d) generally show
the same type of information as shown in FIGS. 3(a)-3(d),
except that the figures diagrammatically compare the exem-
plary use of a delayed linear slew rate to an exemplary first
order filter. It should be appreciated that the figures are
diagrammatic in nature and are intended to illustrate the
concepts rather than reflect data from a specific test since the
nature of the curves in practice will necessarily depend
heavily on a number of vaniables including engine speed and
operating conditions, the nature of the filter’s transfer func-
tion, the designated slew rate, the delay incorporated, etc.

Initially, FIG. 4(a) compares a filtered firing fraction
change 212 to a finng fraction change trajectory 310 that
might be seen when using a delayed linear slew rate. The
filtered firing fraction change 212 is 1dentical to that shown
in FIG. 3(a). In firing fraction trajectory 310, the com-
manded firing fraction 310 remains at the original firing
fraction from t, (the start of the transition) for a designated
delay period T,. The time delay, T,, may be larger or
smaller than the throttle transition time t,,. The appropriate
time delay T, can vary based on a number of factors
including manifold filling/emptying dynamics, throttle
response time, etc. After the delay, the firing fraction 310
rises linearly until 1t reaches the target firing fraction.

FIG. 4(b) shows the response of the throttle position 220
versus time. This figure 1s identical to FIG. 3(b) and the
description will not be repeated. FIG. 4(c¢) shows the MAP
and skipping fraction as a function of time. In FIG. 4(c) the
filtered skipping fraction 238 and resultant MAP 231 are
identical to that shown in FIG. 3(¢). The torque mismatch
associated with the filtered firing fraction 1s depicted by the
areas 334 and 332a. This area 1s equivalent to that depicted
in FI1G. 3(¢). The delayed linear slew skipping fraction 330
mirrors the changes in the finng fraction 310. The torque
mismatch associated with the delayed linear slew 1s depicted
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by areas 332a and 3325b. Area 332a 1s associated with a
torque surge, while area 3325 1s associated with a torque lag.
For clarity this figure assumes that the MAP 231 associated
with both the filtered and delayed linear slew are equal,
whereas 1n practice they will be somewhat different due to
the diflerent pump down rates associated with the diflerent
firing fraction trajectories.

FIG. 4(d) shows the resultant torque between the two
cases. Curve 242 illustrates the torque produced using the
filtered firing fraction and 1s identical to that shown in FIG.
3(d). Curve 340 1illustrates the torque produced using a
delayed linear slew rate change in the firing fraction. The
torque mismatch associated with the delayed linear slew rate
change in firing fraction 1s significantly less than that
associated with the filtered changed demonstrating the
advantage of this control method.

When a linear slew rate 1s utilized, both the slope of the
linear slew and the length of the delay (1f any) will each have
a direct impact on both the magnitude and sense of the
torque mismatch. Various engine characteristics and oper-
ating parameters will also aflect the torque mismatch (e.g.,
engine speed, mamifold characteristics, spark timing, valve
timing, valve lift, air/fuel stoichiometry, etc.). When the
linear slew rate 1s selected such that 1t closely approximates
the manifold filling dynamics, the torque surge or lag
associated with a transition can be significantly reduced.
Indeed, 1t has been observed that in many transitions, a
properly selected linear slew rate can more closely track the
manifold filling dynamics than the described first order filter.
It should, however, be appreciated that the magnitude of a
surge or lag can vary significantly based on how closely (or
how poorly) the selected slew rate approximates the mani-
fold filling dynamics.

There are times when a transition may be interrupted by
a new target firing fraction request. That 1s, 1n the middle of
a transition from a first firing fraction to a second firing
fraction, there may be times when a second change request
1s made. In such a case, the transition unit may begin
implementing the second change from the current state
rather than waiting for the first transition to be completed.
For example, consider a circumstance in which the firing
fraction determining unit 30 requests a change to a firing
fraction of 74 while the transition adjustment unit 40 1s 1n the
middle of a transition from a firing fraction of %5 to 34. Such
a situation 1s graphically represented in FIG. 5 which 1s a
graph showing the firing fraction (Y-axis) as a function of
time (X-axis). In the illustrated embodiment, the engine 1s
initially operating at a firing fraction of Vs as represented by
line segment “a”. At time t,, the requested firing fraction
increases to 34. After the designated delay (T, in the
illustrated embodiment), the transition towards the 34 firing
fraction begins at time t, using the designated slew rate (1%
in this case, see FIG. 8). At time t, a change request to 73 1s
received—even though the transition to 34 has not yet been
completed. The transition towards the 34 {firing fraction
continues during the designated delay, but once the desig-
nated delay 1s completed at t,, the transition to a firing
fraction of 78 begins at the designated slew rate. The delay
T, between the decision to change the target firing fraction,
occurring at t,, and the change 1n slew rate, occurring at t,,
may be different than the delay associated with the begin-
ning of the transition T,. In some cases the delay T,, may
be zero, although 1n many cases there i1s an nherent delay
between a firing decision and the implementation of that
decision due to the cylinder activation/deactivation mecha-
nism. In the 1llustrated embodiment, the designated delays
are the same for both changes, although that 1s not a
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requirement. In this case the slew rate associated with the
transition between %5 and 74 1s 2% (see FIG. 2). There 1s an

inflection point in the firing fraction slew rate at time t,.
Often larger changes between the initial and final firing
fraction will result in a faster slew rate to avoid excessive
pattern induced NVH. In this example the magnitude of the
change from the current firing fraction to 74 1s greater than
the magnitude of original change from U5 to 35—so the slew
rate 1s increased. In some cases the relative slew rate, 1.e. the
ratio of the slew rate to the total change 1n firing fraction may
be held approximately constant through the transition. In
other cases it may be desirable to leave the slew rate fixed
throughout the entire transition. For reference, the dashed
line labeled “b” shows the completion of the change to a
firing fraction of %5 as if the second change had not been
requested. Although only a single mid-transition change 1s
represented, 1t should be appreciated that the same principles
can be applied to implement any further changes that are
requested during a transition. These can include both
increases and decreases in the requested firing fraction,
multiple sequential change requests that occur rapidly
enough such that a plurality of intermediate firing fractions
are never actually attained, etc.

Torque Management

As suggested above, transitions are generally smoother
when the torque delivered during the transition matches the
desired torque. One of the prime reasons for controlling the
firing fraction in conjunction with the air charge in the
described manner 1s to help reduce torque variations—which
tends to help reduce undesired vibrations. When air charge/
firing fraction mismatches occur the output of the engine can
be modulated in other manners. One such approach 1s to
control the spark timing in a manner that mitigates such
torque variations. Generally when operating at an allowed
firing fraction level the spark timing 1s set at or near a timing
that provides for optimum fuel efliciency, 1.e. maximum
torque for a given MAC, typically denoted as the maximum
brake torque (MBT) operating point. When the firing frac-
tion 1ncreases and the air charge 1s reduced, a torque surge
would naturally occur when the firing fraction increases
faster than the corresponding decrease 1n the air charge. This
surge can be mitigated by retarding the spark appropnately
during the transition 1n a manner that provides more steady
torque output. In general, retarding the spark can reduce the
output of each firing as 1s well understood by those familiar
with the art. If the spark timing prior to the transition did not
correspond to the maximum torque timing, the spark can be
advanced a limited amount to provide slightly more torque
per firing, although knock, misfire considerations, etc. typi-
cally limit the practicality of using spark advance. There-
fore, the spark retard approach 1s particularly useful in
avoiding a torque surge. Such conditions exist when the
firing fraction increases more quickly than the manifold can
be emptied 1n a low to high firing fraction transition or if the
mamifold begins filling before a change 1n the firing faction
in a high to low firing fraction transition. Generally use of
firing fraction or air charge delay can be used to mitigate the
torque mismatch, allowing slightly more than requested
torque (1 uncorrected), which can be reduce by modest
spark retard. A relatively short firing fraction ramp, 1.¢. high
slew rate, can then be used to reduce the mismatch between
the fining fraction and air charge. The firing fraction slew
rate can be defined either in terms of time or some parameter
based on engine speed, such as crank angle, firings or firing
opportunities.
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An advantage of using spark timing control to help ensure
that the engine provides the desired torque throughout the
entire transition 1s that the spark 1s easy to control and can
be adjusted very quickly. As suggested above, spark retard
can be used to reduce the torque mismatch throughout an
increasing {iring iraction transition. In some cases spark
retard alone may be suflicient to eliminate the mismatch;
however, 1n other cases the air charge lag may be too great
to be compensated by spark retardation without compromis-
ing combustion stability. In all cases an undesirable side
ellect of retarding spark to reduce engine output 1s that
retarding spark will generally reduce fuel efliciency. There-
fore, to the extent possible, it 1s generally preferable to
match the air charge to the skipping fraction throughout the
transmon as described above to avoid, or at least reduce, the
tuel efliciency losses associated with spark retard control.

For comparison purposes, FIGS. 6(a)-6(d) illustrate the
firing fraction, manifold pressure, spark advance and overall
engine torque output during an intended constant torque
transition utilizing spark retard in conjunction with a
delayed linear slew to further help mitigate the torque surge.
Like 1n FIGS. 3(a)-(d) and 4(a)-(d), the transition 1s from a
firing fraction of ¥4™ to a firing fraction of 24”“. The change
in the throttle position 1s stmilar to that depicted in FI1G. 3(b)
and FI1G. 4(b) and 1s not depicted 1n FIGS. 6(a)-6(d). In these
figures the 1mitial spark timing 1s optimized for maximum
brake torque, the most eflicient operating point. FIG. 6(a)
shows the change 1n the firing fraction 310 over the course
ol a firing fraction transition managed using a delayed linear
slew transition approach described with respect to FIG. 4.
FIG. 6(b) shows the corresponding change in MAP 231 and
skipping fraction 330 over the transition. The areas 332a and
332bH 1illustrate areas of mismatch between the skipping
fraction 330 and the MAP 231. As shown 1n FIG. 4(d) these
areas correspond to regions of torque mismatch 1f no cor-
rective measures are taken. FIG. 6(c) illustrates the change
in the spark timing during the transition. If the spark timing
1s held at 1ts maximum efliciency the result 1s curve 510.
However, 1t may be desirable to deviate from this maximum
elliciency so that the torque surge can be eliminated. This
type ol adjustment 1s depicted 1 curve 512. The spark 1s
retarded at the beginning of the transition to eliminate the
torque bump seen 1n FIG. 4(d). FIG. 6(d) shows the resultant
impact on torque. The spark adjusted torque 540 shows no
torque surge at the beginning of the transition due to the
spark retardation reducing the per cylinder output. The
torque dip 542 near the end of the transition cannot be
removed using spark timing, since the spark timing 1s
already adjusted to 1ts maximum efliciency point.

In some cases the torque dip 542 may be undesirable. In
such cases reducing the delay T, will result in the MAP 231
always being above and to the right of the skipping fraction
330 in the transition. In this case the engine would always
be producing excess torque, which could be removed by
retarding the spark timing. While this improves NVH, 1t will
reduce fuel efliciency. In other cases an engine may be
generally operating with a spark timing somewhat different
than the timing that yields maximum efliciency, typically
denoted as the maximum brake torque (MBT) point. In this
case the engine has a torque reserve such that by controlling
spark timing the engine torque can be both increased and
decreased. Operating an engine with torque reserve has the
undesirable eflect of reducing fuel efliciency, so ﬁrmg
fraction transition control strategies described herein mini-
mize the need to operate away from MBT spark timing.

Some engine controllers have the ability to cut off the
delivery of fuel to a cylinder while still opening the valves
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in the regular manner. This technique causes intake air to be
pumped through the cylinders and effectively cuts the
engine’s output to zero. Currently, the most common use of
tuel cutofl 1s during deceleration wherein fuel 1s typically cut
off from all working chambers—a practice commonly
referred to as deceleration fuel cutofl (DFCO).

During skip fire transitions that would otherwise result 1n
a torque surge (e.g., increasing firing fraction while decreas-
ing air charge) a somewhat similar approach can be used to
help balance the air charge with changes 1n the firng
fractions. Specifically, during skip fire control, selected
working cycles are not fired. Generally, the cylinders asso-
ciated with skipped working cycles are deactivated so that
they do not pump air through the cylinder during a skipped
working cycle. However, 1t 1t 1s desirable to reduce the
amount of air in the manifold, the valves associated with
selected skipped working cycles can be activated to pump
air through the corresponding cylinders during the skipped
working cycles. Since the working cycles are intended to be
skipped, no fuel 1s delivered to the working chambers and no
combustion occurs.

The number of skipped working cycles that are appropri-
ately used to pump air through the engine block for any
particular transition will vary based upon the nature of the
transition. For example, factors such as the intake manifold
dynamics, the 1mtial and target firing fractions, the initial
and target air charges, the firing fraction slew rate utilized,
the engine speed, the otherwise expected torque surge, etc.
can all impact both the number of working cycles appropri-
ately used to pump air through the cylinder and their
respective timing. Some advantages of using the air pump-
ing approach include that 1t can save fuel relative to other
torque mitigation approaches (e.g. spark retard) and it helps
speed the transition by helping more rapidly reduce the
manifold pressure to the desired level. A potential drawback
or limitation of this approach 1s that the emissions system
(e.g. catalytic converters) must be able to handle the air
passed through the engine and not all emissions systems will
have that ability all of the time. However, when practical, the
use of skipped cylinders to pump excess air out of the
mamifold during firing fraction transitions can be a syner-
gistic use of skipped working cycles during skip fire control.

Pumping air through some or all of the skipped cylinders
has the advantage of more quickly reducing MAP, thus
allowing a faster transition with potentially lower levels of
NVH. FIG. 7 illustrates the MAP and possible skipping
fractions 1n two cases, a case without pumping air and a case
of pumping air. The transition begins at time t,. The case
without pumping 1s equivalent to that previously discussed
in relation to FIG. 6(b). The skipping fraction 330 1is
substantially matched to the MAP 231 with relatively small
mismatch areas 332a and 332b. The case with pumping by
the skipped cylinder has a much faster drop in the MAP 731
and consequentially the skipping fraction 730 can change
more quickly and still be substantially matched to the MAP
731. The mismatch areas 732a and 732b are similar 1n size
to those associated with the non- pumping transition 332q
and 3325. The total transition ime t, . , 1s much shorter than
the previous transition time t,

. As seen 1n FIG. 2 shorter

transition times are advantageous iTNVH_. . canbeheld
to an acceptable level, since they have lower NVH . and
thus potentially lower overall NVH. Under certain condi-
tions, the transition time can even be reduced to zero, 1.e. the
target fraction 1s reached 1n a step function transition on the

tollowing working cycle.
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An alternative method to adjust the filling/emptying of the
intake manifold 1s to change the intake and exhaust valve

timing. For cam operated valves this 1s done by adjusting the
cam phasor, which controls the relative timing of the valve
opening and closing. For engines with variable valve lift or
clectronically controlled valves greater control 1s possible.
In all cases valve motion may be adjusted to provide a
desired MAC for a given MAP (within the system control
range). This allows another degree of control during the
transition. In some cases the valve timing used during the
transition may also be used at the final finng fraction level.

Feed Forward Air Control

As previous discussed 1n regard to FIGS. 3b and 46 an
engine controller may use feed forward control of the
throttle to accelerate desired changes 1n manifold pressure.
The example illustrated used a simple step function change
in the commanded throttle position to adjust the MAP.
However, more complex control schemes on the throttle
may be used to achieve a faster transition 1n the MAP. Some
control schemes may integrate a feed forward control archi-
tecture with various types of feedback control, such as a PID
(proportional, integral, differential) controller or state-space
controller to better control MAP response. In general, feed
torward throttle control contemplates opening or closing the
throttle more than would be appropriate for steady state
operation during the transition and then backing off to the
level appropriate for steady state operation. Using feed
forward throttle control during transitions between different
firing fractions can help accelerate the transition in a con-
trolled manner which can help further reduce vibration.
Since the transition occurs more quickly, a higher slew rate
can typically be used during such transitions.

Most of the discussion above has focused on the use of a
throttle as the primary mechanism to vary the air charge in
cach cylinder. As will be appreciated by those familiar with
engine operation, there are other way to vary the air charge
as well including valve timing control, intake/exhaust valve
timing and lift control, supercharging, etc. Where practical,
teed forward control can be used to control the air charge
using these air charge control mechanisms 1n addition to, or
in place of the described feed forward throttle control. For
example, 11 electronic valves are provided, the opening and
closing timing of each valve can readily be controlled to
tacilitate more rapid transitions in a desired air charge. When
the valve train 1s controlled by one or more camshafts, feed
torward control of the cams or camshalts can be used to
tacilitate more rapid transitions of the air charge. Similarly,
when the valve train supports variable valve lift, appropnate
control of the valve lift (including feed forward control) can
be used to better match the air charge to the firing density.
When the engine includes suitable hardware, any of these air
charge control mechanism can be used 1n parallel.

The described feed forward air control can be used
independently or in combination with spark retard, and/or
pumping air through deactivated cylinders and/or the
described firing fraction transition slew rate control. A
desirable characteristic of feed forward air control 1s that 1t
can be used 1n conjunction with both increases and decreases
of the firing fraction.

Although only a few embodiments of the invention have
been described 1n detail, it should be appreciated that the
invention may be implemented 1n many other forms without
departing from the spirit or scope of the invention. For
example, the transition slew rate limiting has been described
primarily in the context of using constant linear slew rates
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throughout the transition. Although such an approach works
well, 1t should be appreciated that more complex slew rates
can be used when desired—which may be useful to better
track specific manifold filling and/or emptying dynamics
and/or other design considerations. For example, in some
implementations, 1t may be desirable to divide the transition
into two or more linear segments or to define a more
complex transition function.

Some skip fire controllers are arranged such that they will
inherently imvoke a relatively large number of transitions
under a variety of normal driving scenarios 1 an eflort to
maximize fuel economy. This 1s particularly true in driving
conditions that support a relatively large set of firing frac-
tions. By way of example, some driving tests by Applicant
of a skip fire controller having up to 29 available firing
fractions tend to average a transition every second or two
during various normal driving profiles. For driving comiort,
this makes 1t particularly desirable to utilize some of the
transition management approaches described herein.

Several different techniques including firing fraction man-
agement, air delivery management and spark timing man-
agement have been described. Although each may be used
independently, better results are often obtainable when used
in combination with the goal of avoiding transitory torque
surges or dips while facilitating rapid transitions between
firing fractions.

In the foregoing description, there are several references
to the term, “cylinder.” The term cylinder should be under-
stood as broadly encompassing any suitable type of working
chamber. The figures illustrate a variety of devices, designs
and representative cylinder and/or engine data. It should be
appreciated that these figures are intended to be exemplary
and 1illustrative, and that the features and functionality of
other embodiments may depart from what 1s shown in the
figures.

The invention has primarily been described 1n the context
of dynamic skip fire operation 1n which an accumulator or
other mechamism tracks the portion of a firing that has been
requested, but not delivered, or that has been delivered, but
not requested. However the described techniques are equally
applicable to managing transitions between any difierent
skip fire firing fractions or between a skip fire firing fraction
(in which individual cylinders are sometimes fired and
sometime skipped) and all cylinder operation (or operation
using a fixed set of cylinders) as may occur when using
vartous rolling cylinder deactivation techmiques. Similar
techniques may also be used to manage eflective displace-
ment transitions 1n variable stroke engine control in which
the number of strokes 1n each working cycle are altered to
cllectively vary the displacement of an engine.

The present invention may also be useful in engines that
do not use skip fire control. For example, although the
invention 1s described primarily 1n the context of transitions
between different firing fractions during skip fire control, the
described techniques can also be used to facilitate transitions
between different variable displacement states 1n more tra-
ditional variable displacement engines using a skip fire
transition approach. For example, an eight cylinder variable
displacement engine that has the ability to operate in a 4
cylinder mode (i.e., 4 fixed cylinders) will require transitions
from a firing fraction of 0.5 to 1 and vice versa and could
advantageously use the firing fraction transition manage-
ment techniques described herein. Therefore, the present
embodiments should be considered illustrative and not
restrictive and the invention 1s not to be limited to the details
given herein.
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The 1nvention claimed 1s:

1. An engine controller comprising;:

a firing fraction determining unit arranged to determine a
desired operational firing fraction during operation of
the engine; and

a transition adjustment unit arranged to manage transi-
tions from a first firing fraction requested by the firing
fraction determiming unit to a target firing Iraction
requested by the firing fraction determining unit that 1s
different from the first firing fraction, the transition
adjustment unit being configured to gradually alter a
commanded firing fraction from the first firing fraction
to the target firing fraction, wherein the commanded
firing fraction 1s altered each firing opportunity.

2. An engine controller comprising:

a firing fraction determining unit arranged to determine a
desired operational firing fraction during operation of
the engine; and

a transition adjustment unit arranged to manage transi-
tions from a first firing fraction requested by the firing
fraction determiming unit to a target firing Iraction
requested by the finng fraction determining unit that 1s
different from the first firing fraction, the transition
adjustment unit being configured to alter a commanded

firing fraction from the first firing fraction to the target

firing fraction over a multiplicity of firing opportunities
by altering the commanded firing fraction substantially
the same amount each firing opportunity.

3. An engine controller as recited 1n claim 1 wherein:

the commanded firing faction has an associated skip

fraction which 1s a complementary fraction of the
commanded firing fraction; and

the transition adjustment unit 1s configured such that for

a selected transition, the commanded firing fraction is
altered 1n a manner such that a product of the skipping
fraction and an intake manifold pressure remains sub-
stantially constant throughout the selected transition.

4. An engine controller as recited 1n claim 1 wherein the
transition adjustment unit 1s configured such that for a
selected transition, the firing fraction 1s changed at substan-
tially the same rate throughout the transition.

5. An engine controller as recited i claim 1 further
comprising a firing determining unit that includes an accu-
mulator functionality that tracks a portion of a firing that has
been requested, but not delivered, or that has been delivered,
but not requested, and wherein the commanded firing frac-
tion 1s provided to the firing determining unait.

6. An engine controller as recited in claim 1 wherein the
transition adjustment unit 1s configured to change the com-
manded firing fraction each firing opportunity using a linear
slew rate such that the amount that the commanded {firing
fraction 1s changed each firing opportunity i1s the same
throughout the transition.

7. An engine controller as recited 1n claim 2 wherein the
transition adjustment unit 1s configured to change the com-
manded firing fraction each firing opportunity using a linear
slew rate such that the amount that the commanded firing
fraction 1s changed each firing opportunity 1s the same
throughout the transition.

8. An engine controller as recited 1n claim 6 wherein the
linear slew rate 1s in the range of 1-3% such that the
commanded firing fraction increases in the range of 1 to 5
percent each firing opportunity.

9. An engine controller as recited 1n claim 6 wherein the
magnitude of the linear slew rate 1s selected at least in part
based on the magnitude of the change 1n firing fraction and
at least one engine operating parameter.
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10. An engine controller as recited in claim 1, wherein the
transition period 1s 1 the range of 150 to 300 milliseconds.
11. An engine controller as recited in claim 1, wherein the
engine includes a multiplicity of working chambers and an
intake manifold that supplies air to at least a plurality of the
working chambers, the intake manifold having a manifold
air pressure, the engine controller being further configured to
change a commanded throttle position 1n conjunction with
the transition between diflerent firing fractions to facilitate
operation at the target firing fraction, wherein mnitiation of
the altering of the commanded firing fraction 1s delayed
relative to mitiation of the change in throttle position by a
plurality of firing opportunity, thereby helping compensate
for mnherent delays associated with changing the mamiold
alr pressure.
12. An engine controller as recited in claim 1, wherein the
engine includes a multiplicity of working chambers and an
intake manifold that supplies air to at least a plurality of the
working chambers, the engine controller being further con-
figured to:
determine a target manifold pressure associated with the
target firing fraction, the target manifold pressure being
different than an initial manifold pressure that exists
when a decision to change firing fractions 1s made; and

utilize feed forward throttle control 1n conjunction with
the transition to accelerate the transition of the mani-
fold pressure to the target manifold pressure.

13. An engine controller as recited in claim 1, wherein the
engine includes a plurality of cylinders, a plurality of intake
valves, each intake valve being associated with an associ-
ated one of the cylinders, a camshaft arranged to open and
close the intake valves; and an intake manifold that supplies
air to the cylinders through the intake valves, the engine
controller being turther configured to:

determine a target air charge associated with the target

firing fraction, the target air charge being diflerent than
an 1nitial air charge that exists when a decision to
change firing fractions 1s made; and

utilize feed forward camshaftt control in conjunction with

the transition to accelerate the transition of the air
charge to the target air charge.

14. An engine controller as recited in claim 1, wherein the
engine includes a multiplicity of working chambers, each
working chamber having an associated spark source, the
engine controller being further configured to:

determine a target spark timing associated with the target

firing fraction, the target spark timing potentlally being,
different than an 1nitial spark tlmlng that exists when a
decision to change firing fractions i1s made; and
retard the spark relative to both the initial spark timing
and the target spark timing for selected fired working
chambers during the transition to mitigate or prevent a

torque surge that would otherwise occur during the
transition.

15. An engine controller as recited in claim 14 wherein at
least one of the initial and target spark timings 1s a spark
timing that causes the engine to generate the maximum
brake torque at the associated engine settings.

16. An engine controller as recited 1in claim 1 wherein the
engine mcludes an intake manifold, an exhaust and a mul-
tiplicity of working chambers, each working chamber being
arranged to operate in a succession of working cycles, the
engine controller being further configured to:

cause air to be pumped through the engine from the intake

manifold to the exhaust during selected skipped work-
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ing cycles that occur during the firing fraction transition
to more quickly reduce manifold pressure during the
transition; and

to generally not cause air to be pumped through the engine

during skipped working cycles that occur outside the
firing fraction transition.

17. An engine controller as recited 1n claim 1 further the
engine controller being turther configured to change at least
one commanded engine operating parameter that aflects a
working chamber air charge 1n conjunction with the transi-
tion between diflerent firing fractions to facilitate operation
at the target firing fraction, wherein initiation of the altering
of the commanded firing fraction 1s delayed relative to
initiation of the change 1n the commanded engine operating
parameter by a plurality of firing opportunity, thereby help-
ing compensate for iherent delays associated with increas-
ing or decreasing the amount of air 1n an intake manifold that
provides air to the working chamber.

18. An engine controller configured to control the transi-
tion of an engine from an initial firing fraction to a target
firing fraction, there being an initial manifold pressure and
a target manifold pressure, the target mamfold pressure
being lower than the mitial manifold pressure and the target
firing fraction being higher than the initial firing fraction, the
engine controller being configured to:

direct operation of the engine 1n a skip fire manner during,

the transition; and

cause air to be pumped through the engine from an intake

manifold to an exhaust during selected skipped work-
ing cycles that occur during the transition to more
quickly reduce intake manifold pressure to the target
manifold pressure; and

to generally not cause air to be pumped through the engine

during skipped working cycles that occur outside the
firing fraction transition.

19. An engine controller configured to control the transi-
tion of an engine between different firing fractions, the
engine including a multiplicity of working chambers, an
intake manifold and an exhaust, the intake manifold having
a manifold air pressure and being arranged to supply air to
at least a plurality of the working chambers, the engine
controller being configured to:

while directing operation of the engine at a first opera-

tional firing fraction, determine when 1t 1s desirable to
transition to a target second operational firing fraction
that 1s different than the first operational firing fraction;
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direct a transition from the first operational firing fraction
towards the target second operational firing fraction by
gradually altering a commanded firing fraction from the
first operational firing fraction towards the target sec-
ond operational firing fraction; and

direct a change mm a commanded throttle position 1n

conjunction with the transition between the different
finrng 1fractions to facilitate operation at the target
second operational firing fraction, wherein initiation of
the altering of the commanded firing fraction 1s delayed
relative to initiation of the change 1n throttle position by
a plurality of firing opportunity, thereby helping com-
pensate for inherent delays associated with changing
the manifold air pressure.

20. An engine controller as recited in claim 19 further
configured to determine when a transition to a third opera-
tional firing fraction 1s desired before the transition to the
target second operational firing fraction 1s completed, and in
response to such determination:

change the commanded throttle position to a throttle

position that facilitates operation at the third opera-
tional firing fraction;

continue to direct the transition towards the target second

operational firing fraction during a designated delay
period; and

alter the designated delay period has expired, direct a

transition ifrom the then current firing fraction to the
third operational firing fraction by gradually altering
the commanded firing fraction from the then current
operation firing fraction towards the third operation
firing fraction.

21. An engine controller as recited 1in claim 20 wherein the

designated delay period 1s a defined time period.

22. An engine controller as recited 1in claim 20 wherein the
designated delay period 1s a defined number of firings or
firing opportunities.

23. An engine controller as recited 1in claim 19 wherein the
engine controller 1s configured to alter the commanded firing
fraction each firing opportunity.

24. An engine controller as recited 1n claim 19 wherein the
engine controller 1s configured to alter the commanded firing
fraction by substantially the same amount each firing oppor-
tunity.




UNITED STATES PATENT AND TRADEMARK OFFICE
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